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Introduction
The invention of scanning laser ophthalmoscopy (SLO) [1, 2] and optical coherence tomography (OCT) [3] represents two major advances in ophthalmoscopy. Confocal gating [4] bestows SLO with the ability to discriminate in depth, (moderately) improved lateral resolution, and significantly enhanced imaging contrast. Theoretically, the spatial resolution of the SLO is ultimately determined by the eye's numerical aperture (NA). The lateral resolution is inversely proportional to the NA and the axial resolution is inversely proportional to the square of the NA. For an eye with perfect optical quality, when the confocal pinhole is optimized, the lateral and axial resolutions for a 6 mm pupil and 600 nm light are about 1.9 μm and 33 μm, respectively [5] . Rather than being limited by the NA of the eye, the depth resolution of OCT is dependent on the spectral bandwidth of the imaging light source being used [3] . By using broadband sources in-air axial resolutions of 1.5 µm have been reported [6, 7] . However, the lateral resolution of OCT is also dependent on the NA of the eye. In addition to the imaging mechanism, the spatial resolutions of the SLO and OCT are impaired by the optical aberrations of the human eye, especially for large pupils [5] . Consequently, the lateral resolution of both OCT and SLO is limited to about 10 μm and the axial resolution of SLO is approximately 300 μm [8] [9] [10] . To achieve diffraction-limited resolution, adaptive optics (AO) has been introduced to correct for the optical defects of the human eye [11] . AO has been integrated into both SLO and OCT to great success [8, 9, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Because of the high axial and lateral resolutions, AO-OCT systems have been demonstrated to image cone photoreceptors in 3-D [29-31]. AO-SLO systems have been shown to provide resolutions that can image cone and rod photoreceptor mosaics [8, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] AO-SLO and AO-OCT can be highly complementary to each other in basic science and clinic research of the retina, when used in conjunction more information of structure and processes can be revealed than when the technologies are used on their own. AO-OCT reveals the retina's cross sectional structure with unprecedented 3-D spatial resolution [30] , in particular, with an axial resolution that AO-SLO cannot produce. On the other hand, AO-SLO renders better en-face retinal images than AO-OCT in terms of image fidelity, due to fast frame rates and the use of low coherent light sources to mitigate interference artifacts (speckle) [5, 12, 13, 17] . Furthermore, AO-SLO can also be extended with the ability to perform fluorescence imaging [16, 32] , which is not possible with AO-OCT. Therefore, several groups demonstrated their pioneer work integrating both imaging modalities [28, [33] [34] [35] . However, due to the technical complexity the reported systems have been compromised. Time domain OCT combined with SLO can produce images with pixel to pixel correlation in the en-face plane [33,34,36,37], but the OCT imaging has a slow depth scanning speed and reduced sensitivity compared to Fourier domain (FD) OCT systems [38] . Using separate scanners to guide the SLO and OCT imaging beams allows FD-OCT to be performed simultaneously with high speed SLO [28], but requires differing paths guiding the light to the eye. This means that the AO can only optimize the imaging of one of the modes. Imaging simultaneously also limits the amount of light that can be used in each mode. Alternatively, imaging can be performed sequentially which allows the same imaging path to be used by the SLO and OCT [35] , but the demonstrated system used swept source OCT with a central wavelength of 1070 nm. Using such a source does increase depth penetration compared to systems using light with a central wavelength around 850 nm, but axial and lateral resolution are both reduced due to the longer wavelength. The goal of this manuscript is to present our dual-modal AO-SLO-OCT by extending an existing AO-SLO system with a free space FD-OCT.
The ideal spectral shape for a light source used in OCT should produce no sidelobes in the axial point spread function (PSF), e.g., a Gaussian shape. However, it is often the case that a source may provide a broad spectrum but with a non-ideal spectral shape. One option is to use optical shaping methods to convert a source's spectrum from a non-ideal spectral shape into an ideal one, such as Gaussian [39] . These methods can be costly and may significantly reduce the available power of the source [7] . Digital shaping methods such as those using deconvolution [40, 41] can optimize the coherence profile, but these involve complex algorithms that require a great deal of computing time. Simpler shaping methods are also available such as passing the detected spectrum through a window [42, 43] , which may only reduce sidelobes, rather than eliminating them, or using a function to modify its shape [44] , which can be plagued by increased noise in the image. We present a combination of the windowing and function digital spectral shaping techniques that requires little computing time, reduces sidelobes and minimizes image degradation to noise and loss of resolution.
System description and methods

The AO-SLO
The AO-SLO is an upgraded system of an earlier generation MEMS-based AO-SLO [12] . It has previously been reported at conferences [45, 46] .
The light source of the AO-SLO is a superluminescent diode (SLD) (Broadlighter S840-HP, Superlum, Russia), it's wavelength centered at 840 nm with a bandwidth of 50 nm (FWHM). The light is collimated after its single mode output fiber and then is fed into the system by a beam splitter (BS) with 10/90 reflection/transmission ratio, as shown in Fig. 1 . 10% of the light is reflected to the sample arm consisting of a series of relay telescopes (S1-S8), the horizontal scanner (HS) (8 KHz CRS, General Scanning, Billerica, MA), the vertical scanner (VS) (6200H, Cambridge Technology, Inc., Bedford, MA), and the deformable mirror (DM) (Hi-Speed DM97-15, ALPAO SAS, France), and is guided to the eye. The pupil size of the AO-SLO was set at 6 mm in diameter. Light reflected or backscattered from the retina follows the inverse path back to the 10/90 beamsplitter where 90% of the light transmits to the detection channel. 8% of the light is picked up by a pellicle beamsplitter to the wavefront sensor (WFS). The rest of light goes to the detectors (H7422-50, Hamamatsu, Japan). The light is converted to an electronic signal, further conditioned to a pseudo-video format [13] , and acquired by the computer forming the AO-SLO videos.
The WFS is a custom high speed device based upon a CMOS camera (MicroVista®-NIR, Intevac Inc., USA) whose spectral response is optimized for near infrared light. The wavefront sensor is able to measure the wavefront at a frame rate of 100 Hz, providing the feedback control information in the AO system for real time compensation of the wavefront aberration. A lenslet array of 0.3 mm x 0.3 mm pitch and 7.6 mm focal length (0300-7.6-S, Adaptive Optics Associates, Cambridge, MA) samples the wavefront in 193 sub-apertures with the 512 x512 pixel sensor. From the camera's signal an in-house written program computes the required shape of the DM to make a correction. The DM is driven by 97 actuators with maximum stroke of 60 µm. The updating frequency of the AO loop can be as high as 100 Hz in the human eye, compared to most reported AO systems for retinal imaging that run with a rate about 30 Hz.
Extension to AO-OCT and dual modal imaging
To achieve AO-OCT imaging, the system was adapted by adding a reference arm and a spectrometer. Also shown in Fig. 1 , light that is transmitted through a 10/90 beamsplitter (BS) from the source is back reflected and a portion enters the detection arm. The reference arm is path length matched to the sample arm. An optical trombone provides adjustment of the reference arm length and a water filled cuvette is placed in the path to compensate for dispersion in the eye.
The light from the reference beam and the sample beam form the interference signal for the OCT imaging. Before the AO-SLO photo-detector, a flip mirror (FM) directs the lights to the OCT channel consisting of a relay telescope and a spectrometer. A pinhole is placed at a point conjugate to the retina in the telescope. Light is collimated after the pinhole and is dispersed with a 1800 lines/mm transmissive diffraction grating and then focused onto a line scan camera (spL2048-140km, Basler, Germany) working with the vertical pixels binned. With the light source being used here the spectrum covers 1400 of the 2048 pixels.
Because the resonant scanner of the AO-SLO is too fast for OCT imaging, only the slower vertical galvo-scanner is used in OCT mode. This means that it is not possible to collect volume images with the OCT, but only B-scans in the vertical direction at the present time. When imaging in the OCT mode, the galvo-scanner is controlled by a signal generator, which also triggers the frame grabber (NI-PCIe-1433, National instruments, US) to synchronize the image acquisition with the scan. For each frame, 512 lines are collected. Images can be acquired at a frame rate up to 140 Hz. Often slower rates were used so the signal to noise ratio (SNR) can be increased, especially when imaging older patients who are more likely to have opaque ocular media that reduces the amount of light returned, such as cataracts. Fig. 1 . A schematic diagram of the presented system. The parts highlighted in blue were added to the system to facilitate OCT imaging. L1-8; lenses, S1-8 Spherical mirrors, DC1-3; dichroic mirrors, BS; beamsplitter, HS; Horizontal scanner, VS; vertical scanner, DM; deformable mirror, BF; bandpass filter, WS; wavefront sensor, CP1 and 2; confocal pinholes, FM; flip mirror, M1-3; plane mirrors.
To avoid the unwanted light from the reference arm intruding into the wavefront sensor, a diode laser with wavelength of 680 nm is added for wavefront detection for both AO-SLO and AO-OCT modes. The light is fed into the system by a dichroic mirror (DC1). It is collinear with the imaging light through the scanning optics and reaches the retina and the reflected light follows the ingoing path back to the 10/90 beamsplitter (BS) and enters the detection channel where the pellicle beamsplitter is replaced by a second dichroic mirror (DC2), which reflects 95% of the light to the wavefront sensor. To further prevent any residual 840 nm light reaching the sensor, a bandpass filter is also placed in front of the wavefront sensor. To prevent 680 nm light entering the WFS from the reference arm, a dichroic mirror (DC3) reflects this light into a beam trap.
Using a beacon light for wavefront sensing has been previously reported [47, 48] . Chromatic aberration in the human eye can cause the beacon and imaging light to focus at different points, axially and transversally. The AO-SLO was initially optimized for imaging with the 840 nm SLD light, so that the pinhole is conjugate to the source position. When the beacon light (680 nm) was implemented into the system, the SLD was turned off and the original pellicle beam splitter for the wavefront sensor was kept in place. The beacon light was first set to a power of 30 µW and its position was adjusted to so that a retinal image showing clear cone mosaic with the AO-SLO pinhole and photodetector positions unchanged. Then we replaced the pellicle with the dichroic mirror DC2. This is a process has been discussed by Grieve et al [47] It is important to align the beacon light focus on the same plane that the imaging light does, i.e., minimize the longitudinal chromatic aberration, so that the AO-SLO can produce clear photoreceptor mosaic when AO loop is closed. While the transverse chromatic aberration may cause focus of the beacon light to be displaced from the focus of the imaging, however, the transverse shift between the two beams in the human eye may be within a range of 1-2 arcminutes [47] , which is much smaller than the isoplanatic zone of the human eye [48] and AO can compensate the aberration. The beacon light power was set at 15 μW for wavefront sensing.
To minimize the introduction of additional aberration, dichroic mirrors with high surface flatness were selected. The residual aberration introduced by the dichroic was measured using a model eye by comparing the wavefronts recorded switching DC2 with the pellicle beamsplitter. The wavefront aberration introduced by the dichroic mirror with a beam diameter at the WFS of 4.5 mm beam was smaller than 0.02 µm (RMS).
The two imaging modes are switched by the flip mirror (FM). In the AO-SLO mode, the flip mirror is open (allowing the light to be collected by the AO-SLO detector), and a beam trap is used to completely absorb the light from the reference arm. In AO-OCT mode, the flip mirror is closed (allowing the light to be reflected towards the AO-OCT spectrometer), and the beam trap is removed allowing the light from the reference arm to enter the detection channel.
Imaging protocol
The study followed the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board for Human Use (IRB) at the University of Alabama at Birmingham. Written informed consent was obtained after the nature and possible consequences of the study were explained. Before imaging, the pupil of the subject was dilated with 1.0% tropicamide and 2.5% phenylephrine hydrochloride. The subject's head was aligned and stabilized with the use of a head mount with a chinrest. A fixation target consisting of a blue light dot moving on a calibrated grid was placed in front of the eye via a pellicle beam splitter to help the subject's fixation. The power incident on the cornea is 0.5 mW, well below the maximum permissible exposure level of the ANSI standards [49] . An SLO scan of the macula (20° field of view, made of a montage of 1° field of view, 512 line AO-SLO images) was first taken and the positions of areas of interest were marked for the AO-OCT investigation. During the AO-SLO scan the beam on the same part of the retina is less than 10 s. The AO-OCT B-scans were acquired across a field of view of 1° or 2° for less than 60 s. Prior to OCT imaging, SLO images were acquired at the marked positions to ensure that the OCT images could be correctly placed in a larger image. Images and measurements from 5 subjects are used in this paper.
Image processing
The first step in the AO-OCT processing is to resample the data in each line so that it is linear in k-space [50] . Next, in order to obtain a Gaussian coherence profile the spectrum is reshaped using a novel technique that will be presented next. The DC spectrum is then removed from each line leaving only the fringes [49] . This significantly reduces the DC (or zero Hertz) term from the Fourier transform and removes any fixed pattern noise. The lines may also be zero padded to increase the sampling density of the result in the Fourier transform.
AO-OCT image sets were registered using the StackReg plugin [51] for ImageJ [52] and when a stable group was found, averaged to produce a single image with reduced noise. The number of images used for averaging is dependent on a subject's eye motion and the frame rate being used, but typically sets of 7 suitable frames could be found and averaged when imaging at a frame rate of 100 Hz.
For the AO-SLO, image distortion caused by nonlinear scanning of the resonant scanner and by eye movements was eliminated by customized software [53, 54] . Registered images were averaged to enhance signal-to-noise ratio. Then images taken at different retinal locations were aligned with Photoshop (Adobe Systems Inc., Mountain View, CA) to create a continuous montage.
Spectral shaping
In the presented system the SLD being used has a non-ideal spectral shape. We propose a digital spectral shaping method that combines two existing methods to rectify this. The first method, referred to as the window method, passes the camera's response through a Gaussian window [42, 43] . The second technique, referred to as the function method, reshapes the spectrum to a Gaussian, rather than just filtering it [44] . Our method first uses the function method to reshape the non-ideal source and then the window method is applied and will be referred to as the combined method.
The window method in effect acts as a low pass filter. After Fourier transform the resulting coherence profile may have reduced but not eliminated sidelobes. The function method provides a coherence profile that is of a near perfect Gaussian shape, but at the cost of a decreased SNR. This decrease in sensitivity can be explained by the difference between the process of the window and function methods. At the extremities of the raw spectrum the signal mostly consists of noise, as the light levels here are low. When the shaping methods are applied, the window method tends to suppress the edges of the spectrum and the function method tends to amplify them. Because the interference fringes here are weak, there is only a small change to the signal in both cases, but the function method sees a significant increase in noise, while the window method causes a decrease. By combing the two techniques, the function method yields an ideally shaped spectrum and then the window method suppresses the increased noise at the edges of the spectrum.
In this paper we test the window, function and combined methods of spectral shaping and compare them to the unshaped spectrum. For the window method a Gaussian with a FWHM width of 798 pixels and amplitude of 1 was used. The value of each pixel in the raw spectrum is multiplied by the corresponding value of the window. The integral of the shaped spectrum is then set to the integral of the raw spectrum by a multiplication.
The function method is performed by measuring the detected spectrum by averaging the camera response for all lines acquired for an image, negating the fringes due to their random phases. A function is then calculated by dividing this by a Gaussian function with a FWHM width of 798 pixels whose integral is equal to the integral of the spectrum. The Gaussian function is also modified by setting the magnitude at the beginning and ends to zero, preventing high frequency artifacts that obscure the image when the Gaussian function's width is large. The generated function is then used to divide each image line before Fourier transform.
The combined method first utilizes the function method in the same manner, then is windowed by a second Gaussian function. As both stages of the combined method shape the spectrum, a wider Gaussian function is used for the function step than when only the function method is used. Here a FWHM of 1582 pixels was used. The width of the windowing Gaussian was 798 pixels.
When choosing the widths of the Gaussian functions, the values were determined by monitoring the FWHM of the coherence profile; the widths were chosen so that the resolutions obtained by the shaped spectra were equal to that of the unshaped spectrum. In all cases the normalization of the integrals maintains the signal magnitude of the raw spectrum in the shaped spectra.
Results
Spectral Shaping
The spectrum of the uncorrected light source and the spectra generated using the window, function and combined methods are shown in Fig. 2(a) . All spectra were obtained after resampling for linear k-space. Figure 2(b) shows the coherence functions of the raw spectrum and the shaped spectra using the three methods. The profiles were obtained by averaging 512 A-scans of a single scattering sample placed at in the focus of a model eye. The scans were zero padded before the Fourier transform to increase the number of plot points. It can be seen that spectral shaping using the window method results in a coherence profile that still contains sidelobes, although reduced. The function and combined methods both result in a profile that is of a near perfect Gaussian shape. All widths are approximately equal, as was intended by the design of each method. Measurements of the FWHM and e −2 width of each coherence profile are shown in Table 1 , which also includes SNR measurements, defined as the ratio of the square of the peak signal and the square of the noise [38] . The e −2 width is significantly influenced by the presence of side lobes or a skewed coherence profile. The noise is taken as the average standard deviation of 512 A-scans with no sample light present and the DC spectrum subtracted. The signal magnitudes were taken from the coherence profiles displayed, but before normalization. The spectral shaping helps reveal fine structures and removes artifacts from images. An example is given in Fig. 3 , which shows the same retinal image processed with and without spectral shaping. The combined method was used. Evidently, the spectral shaping increases the clarity and the fidelity of the images. In particular, the stratified layers of the retina become more distinct, as shown in the images; for example, at the inner segments, indicted by (a), the layer between the outer segment tips (OST) and retinal pigment epithelium (RPE) indicated by (b), and the interface between the RPE and choriocapillaris, (c). The inner layers are also sharper, e.g., the capillaries indicated by the red arrows. Fig. 3 . Retinal images taken a 4° nasal to the fovea center from a subject (#1) in good retinal health. The images are from the same B-scans and have been processed identically, but the image on the right was spectrally shaped and the image on the left was not. The red and yellow arrows point to features discussed in the main text. The images are in logarithmic grey scale. These images were taken with the outer retina closest to zero optical path difference, minimizing the sensitivity loss to the choroid and inner retina due to roll-off [55] . The images were taken at a frame rate of 50 Hz and are average of 5 frames.
Adaptive optics performance
The AO can reduce the root-mean-square (RMS) wave aberration to less than 0.05 µm in most eyes. Figure 4 shows retinal images taken with the AO switched on and off. Clearly, with the AO on the image is much brighter and sharper. In these images the focus was set to the inner retina which highlights the layers here and provides a balance between the brightness of the photoreceptor-RPE complex and retinal nerve fiber layer (RNFL). Comparing the average brightness of the images in this region shows an increase in the signal of 8.0 dB. Using images with the focus set to the photoreceptor-RPE complex, the average increase in the OCT peak signal with AO compensation is 8.2 dB. This was measured by comparing images from the same position in a healthy eye and averaging the peak signal from the RPE across all 512 lines. When a similar measurement was performed using a model eye consisting of a lens and a diffuse reflector, the improvement was found to be 8.7 dB. The OCT sensitivity, as measured from a surface of a glass slide positioned close to zero OPD at a camera line rate of 50 kHz is 91 dB with the AO compensation. Fig. 4 . Examples of AO-OCT retinal images with the adaptive optics switched off (left) and on (right). The image was taken at 4° temporal eccentricity to the fovea centre in subject (#2) who is in good retinal health. The frame rate is 100 Hz, and 5 frames are averaged in both images. The images have a linear grey scale. Figure 5 shows an AO-OCT image acquired from a healthy eye, approximately 2° nasal from the fovea center with the focus on the photoreceptors. The figure shows similar structures to those presented in the literature [27,30,31]. The AO correction for ocular aberration provides an improvement such that the lateral resolution of the OCT sufficient to resolve the IS/OS and OST of individual photoreceptors. Meanwhile, the depth of focus is reduced, so the inner layers of the retina appear dim as the focus was placed around the photoreceptor-RPE complex. By using a log scale, the inner retinal structure may become clearer, but this reduces the apparent resolution; a FWHM is increased by approximately 80% by logarithmic scaling which may obscure details such as the photoreceptors. Fig. 5 . AO-OCT B-scan of a healthy retina (subject #3). 2° nasal from the central fovea with the focus at the photoreceptors. The image is displayed with a linear grey scale. The frame rate was 50 Hz and this is an average of 7 images. The scale, indicated by the bar has a 1:1 vertical/horizontal ratio and has been corrected for the refractive index of retinal tissue (assumed to be n = 1.33). The marked layers are RNFL; retinal nerve fiber layer, GCL; ganglion cell layer, IPL; inner plexiform layer, INL; inner nuclear layer, OPL; outer plexiform layer, ONL; outer nuclear layer, ELM; external limiting membrane, IS/OS: inner segment/outer segment junction; EZ: ellipsoid zone; OST; outer segment tips, RPE-BrM; retinal pigment epithelium/Bruch's membrane complex, Ch; Choroid. The IS/OS and the OST are also claimed as the EZ (ellipsoidal zone) and the IDZ (interdigitation zone), respectively. Figure 6 is a montage of AO-SLO images showing clearly resolved photoreceptors around the fovea and out to a wider eccentricity. Thumbnails taken from the wide field image show selected areas with more detail. OCT scans at these positions were also taken and are shown. It is evident that high lateral resolutions were achieved in both imaging modalities. Axially, the OCT images show clearly resolved layers and IS/OS of the photoreceptors at all positions. Fig. 6 . AO-SLO thumbnails (middle) taken from an AO-SLO montage (top) and AO-OCT (bottom) images taken at different retinal eccentricities from subject #3 in good retinal health. The bright spots in the AO-SLO images are cone photoreceptors. Each AO-SLO image is a registered set of 20 AO-corrected images. All images have been corrected for distortions due to eye movements and the nonlinear scan [54] . The arrows on the AO-SLO images indicate the position and direction of the OCT scan, the arrow direction corresponds to right to left in the OCT images. The green squares on the SLO montage show where the enlarged SLO images are located.
AO-SLO-OCT imaging of healthy retinas
Measure of the photoreceptor spacing
The cone photoreceptor spacing was measured from the images in Fig. 6 by counting the number of resolvable cells across a 50 µm line drawn in the IS/OS. Dividing the count by the distance gives an estimate of the center to center spacing. The results are shown in Table 2 . This measurement is sensitive to distance from the retina to the nodal points of the eye's lens system, as this length is used to convert the scanning angle to scan length. Here this length was assumed to be 16.9 mm, from the Gullstrand eye model, but there is variability from person to person [56] that may be affecting the accuracy. Even so, a similar measurement from the AO-SLO images confirms the AO-OCT measurement and these measurements are consistent with reported measurements in the literature [22, 25, 57] . 
Measure of the IS/OS length and axial positions of individual photoreceptors
Currently the outer retinal structures seen in OCT images are in debate, in particular the layer traditionally labeled as the IS/OS [58] [59] [60] . It has been argued that this layer may correspond to backscattering from the ellipsoidal mitochondria in the inner segment of photoreceptors, leading to the suggestion it should be named as the ellipsoidal zone (EZ) [58, 60] . If this were true, this layer should have a thickness of between 14 and 16 µm [58] . We measured the FWHM of the IS/OS by averaging that measured from 25 individual photoreceptors between 2° and 3° nasal from the foveal center in 4 subjects. The results are listed in Table 3 .
Measurements at other eccentricities away from the fovea (between 3° and 10° eccentricity) were performed in one subject, at each point a similar IS/OS length was found. To check for the effects of dispersion, the thickness of the foveal reflex (the hyper-reflective band seen directly over the center of the fovea) was measured from the same eye and was found to be 4.7 ± 0.13 µm from 5 measurements. It can be seen from Fig. 5 that the depth position of the IS/OS varies between individual photoreceptors. To assess this variation, a single, unsaturated, and well resolved image, which was taken at 2° eccentricity to the fovea center was selected. The image was one of the contributing frames to the image of Fig. 5 . The depth positions of the reflection corresponding to the IS/OS of 16 adjacent photoreceptors were measured. A short distance was used to minimize the effects of axial eye motion, if any was present. The depth was measured by the IS/OS peak relative to zero OPD. It was found that the standard deviation of the depth of the IS/OS was 1.3 µm, with a maximum-minimum deviation of 5 µm (both measurements corrected for the refractive index of retinal tissue). Figure 7 shows images from a patient diagnosed with age-related macular degeneration (AMD). This disease is characterized by lesions known as drusen that are pathological extracellular materials accumulating between the Bruch's membrane and the RPE, deforming the RPE and photoreceptor layers. Drusen have a variety of appearances in OCT images which may be classified [46] . Figure 7 shows an AO-SLO image with corresponding AO-OCT images of a large soft druse at the fovea. The subject was a 78 year-old man (white nonHispanic) with non-neovascular AMD at intermediate stage (The Age-Related Eye Disease Study (AREDS) grade 6, best corrected visual acuity (BCVA) 20/30). The lesion can be seen to deform the overlying photoreceptor layers in the OCT image. The enhanced resolution given by the AO correction allows photoreceptors to be resolved to the right of the drusen in the IS/OS (marked Ph). Above the druse the IS/OS band becomes less distinct. Reflectivity is also reduced in the OST around the druse. This corresponds to the hypo-reflective region surrounding the druse core (marked DrC) in the AO-SLO image. It is interesting to note the granules in the hyper-reflective core of the druse in the AO-OCT image. They are close in axial length to the resolution of the system, so it is not known whether these granules are real lesion particles or just speckle artifacts. However, the granular nature of the druse is seen in the AO-SLO image, which should have significantly reduced speckle because image averaging and the use of a broadband source. This suggests that some of the features seen in the druse core are real, but higher axial resolution imaging utilizing a broader source may help examine if the features are speckle artifact or not.
Imaging of drusen in a patient with age-related macular degeneration
Discussion
The AO-OCT was implemented with a free space Michelson interferometer scheme in an existing AO-SLO system, requiring a minimum of optical components and avoiding light loss that can occur in an optical fiber based system. The pinhole size at the spectrometer can be changed very easily, allowing for a better balance between lateral resolution and the amount of light for imaging. This is more difficult for systems that use fiber optics to guide light to detectors. The system uses the same light source for the AO-SLO and AO-OCT imaging. More importantly, because the AO-SLO and AO-OCT imaging share the same light source and path through the sample and detector arms the correction provided by the AO is optimal in both modes. Thus, both the two imaging modalities achieve equal performance.
While the system avoided compromises made by other systems presented in the literature, it was compromised in some ways. As described in section 2.2, the OCT may only be scanned in one direction, so volumetric imaging is not possible, but this could be mitigated by adding another galvo-scanner to the sample arm and still retaining the common path.
The spectral shaping method presented here produces a reshaped spectrum that is very close to a Gaussian shape. It has a great improvement over the window method, in terms of sidelobe reduction, as indicated by the reduced e −2 width. Compared to the function method, it has been demonstrated to have improved noise suppression, though the improvement is not significant with this light source. It would seem reasonable that the magnitude of these improvements is dependent on the original source shape. The source used in this system, although non-ideal, is not as misshaped as many broader sources that are available where spectral shaping becomes more important. For example, Potsaid et al [44] applied the function method on a source with broader spectrum and having multiple peaks and troughs in its profile. They reported a decrease of resolution of 0.5 µm, which was not observed in our study. We expect, even with such a source, the combined technique should still shape the spectrum with less noise introduced than with the function technique alone. Thus, it would be prudent to test the method with a broader source to see if that can be reshaped using this technique without increasing the noise or lowering resolution. The signal processing does not significantly increase the computation time, as it only adds a simple multiplication to the routine.
We do not claim that the extension of a SD-OCT module in an existing AO-SLO system presented in this paper represents the best combination of the two imaging modalities for every application. But it is important to note that cellular level imaging can be achieved in both en face and cross sectional planes with a single instrument using the same light source and scanning optics. This is critical in answering important questions in basic and clinical research of the retina. As exampled in this paper, the AO-SLO acquires high quality images of the cone mosaic, while the AO-OCT reveals the depth information of the reflecting layers of individual cells with equal lateral resolution. The AO-SLO-OCT images helped understand how the photoreceptors were affected by an underlying druse. In the case presented in this paper, the photoreceptors overlying the drusen core imaged by the AO-SLO shows a similar reflectivity to that of the preserved photoreceptors outside of the affected area. But from the AO-OCT image, we can see that the photoreceptors are significantly deviated from the normal position in the retina and the outer segments tips are indistinct, indicating a significant degeneration.
It is possible the smallest photoreceptors seen in the OCT images, are an artifact due to speckle, e.g. those seen in Fig. 6(a) and Fig. 7 . However the accompanying AO-SLO images show clearly resolved contiguous mosaic of cones. The AO-SLO imaging is largely speckle free due to the averaging of multiple frames and the use of a broadband source reducing interference artifacts. While there is ambiguity when viewing solely the AO-OCT images, when used in conjunction with the AO-SLO the conclusion that photoreceptors are imaged by the AO-OCT can be made with more confidence.
The second hyper-reflective photoreceptor band has been traditionally considered as a single surface interface [59] and labeled as the IS/OS junction (for example, see Drexler and Fujimoto [61] or Zawadzki et al [27] ). The recent claim that this band was formed by the light scattered from the EZ, would suggest that the band's thickness would be greater than a single interface reflection. It should be noted that this deduction [58] was based upon the measurement of the thickness of this band in OCT images acquired using a conventional instrument. Thus, the measurement could be affected by the low lateral resolution of the system used. From the AO-OCT images presented here we can see that there is some variance in the depth position of the IS/OS between individual cells. A system with low lateral resolution would measure multiple IS/OS peaks in each A-scan. The variance may lead to the appearance of a thicker band than is true, as the OCT signal is the sum of all the reflectors that the beam is incident on and the beam from a low resolution system would cover a bundle of cells. Our measurement shows that the maximum-minimum position deviation can be up to 5 µm. At this position, a laterally low resolution system would measure a significantly thicker layer than the AO enhanced system; thus it may lead to or influence incorrect interpretations to the origins of this band.
Our measurement from individual photoreceptors shows that the thickness (6 μm) of the IS/OS reflection is significantly shorter than the length of the ellipsoidal zone (14 to 16 μm). On the other hand, our measured thickness is longer than the expected axial resolution (4.3 μm). To exclude the possibility of dispersion induced broadening, we measured the FWHM of the foveal reflex, which has been considered as a single surface reflector suitable for invivo measurement of the axial resolution [62] . The result is 4.8 µm, narrower than that of the IS/OS band. This suggests that the measurement of the IS/OS thickness was only minimally affected by dispersion and other broadening effects such as water absorption being spectrally unequal. If both layers were single surface reflections, equal thicknesses would be expected. Thus, our measurements imply that the IS/OS is not from a single interface reflection and it does not originate from the whole ellipsoidal zone of the photoreceptors either. Further investigation of the IS/OS band with higher axial resolution given by a broader source with accurate dispersion compensation and careful compensation of chromatic aberration's impact on lateral resolution [27,29] is warranted.
Conclusion
A dual-modal, free space AO-SLO-OCT system has been presented. To enhance the visibility of features in the AO-OCT images a combined digital spectral shaping method was developed. This reduces the sidelobes produced in the coherence profile when a non-Gaussian light source is used whilst minimizing any increase in noise. The system was used to obtain in-vivo images from healthy and diseased retinas. An integrated AO-SLO-OCT that can produce the same imaging quality in both modes and acquire AO-SLO and AO-OCT images with accurate cell-to-cell registration remains an important direction.
